A new method was used to probe the conformation of chromatin in living mammalian cells. The method employs ionizing radiation and is based on the concept that such radiation induces correlated breaks in DNA strands that are in spatial proximity. Human dermal ®broblasts in G 0 phase of the cell cycle and Chinese hamster ovary cells in mitosis were irradiated by X-rays or accelerated ions. Following lysis of the cells, DNA fragments induced by correlated breaks were end-labeled and separated according to size on denaturing polyacrylamide gels. A characteristic peak was obtained for a fragment size of 78 bases, which is the size that corresponds to one turn of DNA around the nucleosome. Additional peaks between 175 and 450 bases re¯ect the relative position of nearestneighbor nucleosomes. Theoretical calculations that simulate the indirect and direct effect of radiation on DNA demonstrate that the fragment size distributions are closely related to the chromatin structure model used.
Introduction
The genomic DNA in eukaryotic cells is organized in regularly repeating protein-DNA complexes called nucleosomes. Each nucleosome consists of about 165 to 240 base-pairs (bp) of DNA wrapped around a histone protein core. The nucleosomes, in turn, are organized into a 30 nm chromatin ®ber. The structure of the core particle of the nucleosome has been studied extensively and is reasonably well understood. For example, Arents & Moudrianakis (1993) have developed a model consisting of 146 bp in a left-handed superhelix of about 80 bp per turn. More recently, Luger et al. (1997) suggest a nucleosome core particle of 147 bp with 1.65 supercoils. On the other hand, the arrangement of nucleosomes in the 30 nm ®ber is uncertain. The linker DNA between the nucleosomes is typically associated with histone H1 or an analogous histone to promote a more dense packaging, although linker histones in some organisms are not essential (Shen et al., 1995) . Based on electron microscopic studies of isolated chromatin, Finch & Klug (1976) suggested a simple helical arrangement of nucleosomes in the 30 nm ®ber with about six nucleosomes per turn comprising about 11 nm of ®ber. The structure was kept together mainly by protein-protein interactions, and the linkers between the nucleosome core particles were accommodated inside the ®ber in a bent and supercoiled conformation facilitated by histone H1 (Widom, 1989) . Other models have been suggested that preserve a helical arrangement of nucleosomes but differ in how the nucleosomes are connected (reviewed by Widom, 1989 Widom, , 1990 .
Different 30 nm chromatin ®ber models have been suggested (Worcel et al., 1981; Woodcock et al., 1984; Bordas et al., 1986) in which adjacent nucleosomes form a zig-zag pattern. In a recent version of this model (Woodcock et al., 1993) , the linker DNA is assumed to be essentially straight without supercoiling and the DNA has a ®xed rotational position on the nucleosome. This model is supported by recent electron tomography studies of carefully ®xed cell nuclei (Horowitz et al., 1994) . Increasing the linker by 1 bp will, in this model, result in a 36 rotation of two adjacent core particles relative to each other, unless a superhelical twist is introduced in the linker. This may explain the preferential nucleosome repeat lengths at multiples of 10 bp as observed when comparing various cell types, tissue types and organisms (Widom, 1992) . The structure is determined mainly by DNA and positioning of the nucleosomes along DNA and not by protein-protein interactions. Alternate nucleosomes are physically closer than adjacent nucleosomes along the DNA molecule. In a zig-zag model, differences in nucleosome positioning along the DNA result in structures that are variable and¯exible in contrast to the more regular nature of helical models. The zig-zag model incorporates the possibility of precise local positioning of nucleosomes relative to each other in threedimensional (3D) space, an organization which could result in functional alignment of regulatory sequences that are far apart in the DNA molecule. The role of histone H1 and further compaction of the ®ber are not considered explicitly in this model.
Ionizing radiation can generate a group of radicals by depositing energy on water molecules. These radicals are able to diffuse an average distance of about 3± 4 nm. In the nucleus, the radicals can attack several DNA sugar moieties resulting in strand breaks with high probability. Similar strand breaks can arise as a consequence of direct deposition of energy on the sugar moieties (Holley et al., 1990; Chatterjee & Holley, 1991) . These indirect and direct effects of ionizing radiation can lead to spatially correlated breaks. The precise distribution of breaks along the DNA molecule after traversal by a single particle will depend on the position of the nucleosomes relative to each other, i.e. the structure of the 30 nm chromatin ®ber. Our previous theoretical studies predicted that correlated breaks produced by ionizing radiation would lead to the generation of small DNA fragments. Furthermore, the fragmentation spectrum (size distribution of fragments) should exhibit a pattern characteristic of the chromatin structure used in the calculation. Subsequent experimental work (Rydberg, 1996) veri®ed the generation of small DNA fragments by ionizing radiation.
Our earlier theoretical studies only considered an idealized solenoidal structure with 20 turns, each containing six nucleosomes. Here, we extend the theoretical studies to include four other models. These four models consist of zig-zag ribbons in which the nucleosome (superhelical) axes are either perpendicular or parallel to the ribbon plane. For each orientation of the nucleosomes, we consider two cases: with and without cross-overs in the linker regions. Other ribbon con®gurations are possible, of course, but these four models are taken to be representative of the basic organizational schemes of zig-zag ribbons. Further details of the theoretical calculations are reported in the Appendix. Our previous experiments (Rydberg et al., 1995; Rydberg, 1996) , involved prelabeling cells with [ 3 H]TdR and detecting double-stranded and single-stranded DNA fragments on agarose gels. Although the total amounts or yields of correlated breaks could be quanti®ed, the resolution was not suf®cient to be useful for analyzing chromatin structure. Here, we report an end-labeling approach that allows measurements of the detailed size-distributions of single-stranded DNA fragments in the range of 50 to 2000 bases. In conjunction with theoretical distributions, such an approach provides useful information on chromatin structure. An advantage of this method over most other techniques used currently to study chromatin structure is that the cells are alive and un®xed at the time the structure is monitored during irradiation.
Experimental results

A characteristic fragment size distribution is obtained
Normal human dermal ®broblasts were exposed to ionizing radiation at 0 C, lysed in agarose plugs, and the DNA end-labeled with 32 P at radiationinduced breaks. The labeling strategy is based on the observation that 5
H ends at radiation-induced breaks typically have a simple phosphate group (Henner et al., 1982) that can be removed by DNA phosphatase and replaced by 32 P using polynucleotide kinase. The protocol was optimized to label both single-strand nicks and double strand ends in agarose plugs, followed by analysis on sequencingtype PAGE gels.
Using this protocol for normal human ®broblasts irradiated with X-rays in the G 0 stage of the cell cycle, characteristic size distributions of short DNA fragments were obtained. Figure 1 shows an example of a gel, the corresponding Phosphor-Imager scan and the same data after computer conversion to a linear scale. The general features are highly reproducible with a prominent peak at 78 bases and with broader peaks at about 185, 290, 370 and 450 bases. A peak at around 80 bases is expected theoretically and corresponds to one turn of DNA around the nucleosome. The peaks in the range of 185± 450 bases should re¯ect the arrangements of the nucleosomes relative to each other since the lengths are similar to or exceed the expected nucleosome repeat length of 188 bp for human cells (Compton et al., 1976) .
Similar results were obtained after irradiation with accelerated particles with higher ionization density than X-rays. Size distributions after irradiation with X-rays, helium ions (7 keV/mm) or nitrogen ions (110 keV/mm) are compared in Figure 2 . The location of the peaks remained the same for all radiation procedures. Thus, the same structural information was obtained with all three types of radiation. Densely ionizing radiation, however, gave a higher yield of fragments than X-rays. Phosphor-Imager scans of gels allowed quantitation of the fraction of the total signal per lane that corresponded to fragments below 1000 bases. Such analysis revealed that for X-rays about 5% of all radiation-induced breaks were associated with fragments having a size less than 1000 bases, while the corresponding ®gure for nitrogen ions was about 12%. This moderate increase in yield for single-stranded short fragments is consistent with Monte-Carlo calculations (data not shown).
The fragment distribution depends on chromatin conformation
In one set of experiments, the histones were completely removed before irradiation by lysis of the cells embedded in the agarose plug. X-irradiation was performed with the plug immersed in 0.5 M Tris-HCl (pH 8), in order to mimic the OH radical scavenging capacity in cells. Figure 3 (a) shows that production of small fragments was abolished in this case, establishing the necessity for chromatin structure to produce them.
Experiments were performed also with modi®ed chromatin conformation. Cells embedded in agarose plugs were treated with 0.1% (v/v) Triton X-100, 10 mM Tris-HCl (pH 8.0), 2 mM EDTA, 150 mM NaCl in order to isolate nuclei, or treated with the same buffer lacking NaCl. It has been shown (Widom, 1989 ) that the 30 nm chromatin ®ber is maintained in isolated nuclei in the presence of 150 mM NaCl, but adopts an extended`b eads on a string'' con®guration under low salt conditions. The samples were irradiated with X-rays at a dose of 40 Gy. The data for fragment induction is shown in Figure 3(b) . For the condition where the 30 nm chromatin ®ber can be expected to remain intact (150 mM NaCl), the size distribution was similar to that of intact cells. However, the distribution for the low salt condition was lacking the 290, 370 and 450 base peaks, consistent with an increased distance between the nucleosomes for the beads on a string con®gur- The small peaks in the control shown by an asterisk (*) were sometimes seen in the samples. These peaks at about 610 and 650 bases were not related to radiation-induced fragments and were of unknown origin. They were seen on the autoradiographs as two sharply de®ned bands.
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ation (see Discussion). These results support the idea that the small fragments are induced as a result of ionizing particles interacting with the 30 nm chromatin ®ber. The persistence of the 185 base peak may be due to breaks in the linker regions (see Discussion).
A similar fragment size distribution is obtained for mitotic Chinese hamster ovary cells
Chinese hamster ovary (CHO) cells in mitosis were collected after treatment with colcemid and mitotic shake-off. The cells were irradiated with 80
Gy of X-rays followed by lysis and DNA end-labeling as for the human ®broblasts. Figure 4 shows the result of one such experiment, which was reproducible. Compared to human cells, the peaks are shifted slightly to lower molecular mass but the general pattern is very similar. The nucleosome repeat length for CHO cells has been reported to be 178 bp (Compton et al., 1976; Ferrer et al., 1980) , or about 10 bp shorter than for human ®broblasts. This difference may account for the shorter fragments.
A ten base modulation is seen at the 78 base peak
Although the direct effect of ionizing radiation is expected to produce breaks at all sites with about the same probability, the indirect effect from OH radicals is expected to occur preferentially at the outer surface of the DNA on the nucleosome since the histones will protect the inner surface. This effect is re¯ected in the ten base periodicity of fragment sizes after in vitro irradiation of chromatin where the indirect effect dominates (FranchetBeuzit et al., 1993) . A ten base modulation was also seen in the present experiments. Figure 5 shows examples of this for the two cell lines. The size distribution with a dominant peak at 78 bases seems to be in general agreement with a model of the nucleosome (Arents & Moudrianakis, 1993) , and structure of the nucleosome core particle (Luger et al., 1997) , although the details may depend on the precise phase and supercoiling of the DNA on the surface of the nucleosome. It should be pointed out that one base is expected to be lost at radiation-induced breaks (Henle et al., 1995) and that the 3 H ends of the radiation-induced fragments may have an additional phosphate group that is lacking in the markers and can slightly increase mobility on PAGE gels by approximately one half base (Henner et al., 1982) . The experimental 78 base peak may therefore correspond to an average of 79.5 bases between the breaks on the nucleosome.
The fragment size distribution is flat between 600 and 2000 bases
As shown by the previous experiments, the size distributions were¯at and decreased slightly in the range $600 to 1000 bases (the upper limit is the maximum separation potential of the gels). To distinguish better between models for chromatin structure, additional experiments using 2% PAGE were carried out that allow separation of fragments up to 2000 bases. Figure 6 shows experiments using human ®broblasts in G 0 and mitotic CHO cells. The separation is aberrant for sizes below 600 bases on these very fragile gels. Irradiations were There is a smooth decrease in the number of fragments with size above 600 bases. Below 600 bases the separation on these gels was not reproducible.
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carried out using helium and nitrogen ions as well as X-rays. Although considerable numbers of fragments are produced in this size range 600 to 2000 bases, no particular structure is seen with any of the irradiations. Figure 7 shows the top view of a typical computer generated heavy charged particle track interacting with one of the chromatin ®ber models (the 30 nm solenoid), as discussed in the Appendix. Undamaged sugar and base molecules are represented by blue and red spheres and damaged sugars and bases by pink and yellow spheres, respectively. The damaged sites are in close proximity to each other for heavily ionizing tracks such as made by energetic nitrogen or iron particles. Although the damaged sites for lightly ionizing radiation such as energetic protons, electrons or X-rays are typically not in such close proximity as those shown in Figure 7 , our analysis (unpublished observation) indicates that, occasionally, highly damaged sites are created by lightly ionizing radiation. For example, our calculations indicate that 2 to 3% of all the damages produced by X-rays or protons are as heavily clustered as those shown in Figure 7 .
Theoretical results
As a result of individual track interactions, a charged particle such as nitrogen can produce damage at more than one site in close spatial proximity. The presence of multiple strand breaks will generate fragments of DNA. In order to make a detailed comparison of experimental and theoretical results, we calculated the production of both single and double-stranded fragments for the solenoid ®ber model and the four zig-zag ribbon models discussed in the Appendix. Figure 8 shows the calculated single-stranded fragment length distribution produced by 30 MeV/n nitrogen particles for the solenoidal model. In general, shapes of double-stranded fragment distributions are very similar to single-stranded distributions and are not shown here. The shapes of the fragment spectra are related to the symmetries of the chromatin model. In the calculated distribution for the solenoidal model (Figure 8) , the peak at about 80 bases represents the rotation period about the nucleosome. Other peaks correspond to one full nucleosome-linker complex, and one nucleosome-linker plus one extra turn about a nucleosome. The relatively broad peak at about 1000 bases corresponds to one turn about the solenoid. The reason for the appearance of these peaks can be explained based on considerations of solid angles. Two sites for potential DNA breaks (actually any damage) have the largest solid angle with respect to each other and hence the maximum probability of being damaged by a single track if they are very close to each other. The relative probability will vary as the inverse square of the distance between the two sites. Hence the frequency of the production of fragments will favor lengths containing 80 bases which is one revolution period about the nucleosome. Similarly, the solid angle will be large for the location where one turn about the solenoid is completed, corresponding to 1000 bases. Figure 7 . The strong peak at about 80 bases corresponds to the rotation period about the nucleosomes. The broad collection of peaks near 1 kb correspond to one full turn about the solenoid and the structure in this region corresponds to interplay between the nucleosomal and solenoidal structure.
In comparing the theoretical distributions for the solenoidal ®ber (Figure 8 ) with the experimental distributions (Figures 2(c) and 6 ), the following observations can be made. A maximum at about 80 bases is predicted theoretically, and this peak corresponds well with the experimental value of 78 bases. However, the positions and relative amplitudes of the other experimentally observed peaks at 185, 290, 370 and 450 bases, and the lack of structure above 600 bases do not agree with the theoretical calculation for the solenoidal model especially near 1000 bases (corresponding to one complete turn of the solenoidal ring). In particular, the absence of any peak or indication of noticeable structure in the experimental distributions beyond 500 bases argues strongly against a substantial component of the chromatin ®ber being in a solenoidal con®guration. On the other hand, the theoretical distributions for the four zig-zag models discussed in the Appendix and shown in Figure 9 (a) to (d), all show signi®cant structure in the fragment size range up to about 500 bases and little or no structure beyond 500 bases. There is considerable variation in the details of the structure present for fragments between 100 and 500 bases. Qualitatively, the theoretical distribution which resembles most closely the experimental distributions is produced by the chromatin model with Figure 9 . Theoretical single-stranded fragment distributions (continuous curves) for 30 MeV/n nitrogen irradiation of the representative zig-zag ribbon models shown in the upper right corner of each plot (the ®ber axis runs vertically): (a) nucleosome axes perpendicular to ribbon plane with linker cross-overs; (b) nucleosome axes perpendicular to ribbon without linker cross-overs; (c) nucleosome axes parallel to ribbon plane with linker cross-overs; (d) nucleosome axes parallel to ribbon plane without linker cross-overs. In all cases, the number of base-pairs in each nucleosome-linker unit is constant (146 40) and alternating nucleosomes are separated by the same distance (one nucleosome diameter one DNA helix diameter). For comparison the measured fragment distribution is shown in each plot (broken curve).
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nucleosome axes perpendicular to the ribbon plane and linkers which cross over each other in the ®ber plane (Figure 9(a) ).
It has been suggested that the con®guration of the chromatin ®ber in eukaryotic cells is variable. Since each of our models is idealized and highly regular, we attempted to simulate the effect of a variable and irregular ®ber by combining, with equal weights, the fragment distributions for the four con®gurations in Figure 9 (a) to (d). The result of this operation is shown as curve labeled (a) in Figure 10 . This averaging procedure results in considerable smoothing out of the structures seen in the individual ribbon distributions, both broadening the peaks and lowering their amplitudes compared to the 80 base peak present in all distributions. Qualitatively, the shape of this average distribution appears to agree well with the general shape of the experimental distribution. It is clear that, in the experimental measurements, the peaks associated with the structure of the chromatin ®ber appear to lie on top of a relatively smooth, uniform, fragment distribution. At the high radiation doses (80 to 200 Gy) used to generate the experimental distributions, there will be substantial production of fragments by randomly distributed breaks from independent particles. Fragments produced by random, uncorrelated breaks will have a uniform size distribution and may account for much of the¯at background of fragments seen in the data. To account for this approximately¯at background, we added a constant to the average curve labeled (a). The resultant theoretical curve, labeled (c), appears to agree well with the measured curve, labeled (b), in the region sensitive to chromatin structure (<500 bases; Figure 10 ). This agreement provides compelling evidence that radiation-induced fragmentation of some form, or combination of forms, of zig-zag ribbons is consistent with the observed experimental spectra.
Discussion
Interpretation of the results
The results using the end-labeling protocol have given strong evidence for the notion that ionizing radiation causes coincident breaks on DNA strands that are close together in 3D space. This hypothesis Figure 10 . Curve a shows the linear combination with equal weights of the theoretical distributions for the four zig-zag models in Figure 9 (a) to (d). Curve c is obtained by adding a constant value to curve a to account for the approximately¯at background of fragments as discussed in the text. For comparison the experimental distribution is shown as broken curve b. Figure 11 . Two models of the connectivity of nucleosomes in the 30 nm chromatin ®ber. In model (A) adjacent nucleosomes along DNA are nearest neighbors in the ®ber. In model (B) the nucleosomes follow a zig-zag path with alternate nucleosomes being nearest neighbors in the ®ber. In (B) a typical cluster of three OH radicals is placed on top of one nucleosome. The size of such clusters vary in a statistical way, and some are larger than the one in the Figure giving probabilities for correlated damage that depend on the distance between DNA strands. Double-arrowed lines indicate closest distance between various DNA strands. The distances in base-pairs between such sites are listed, assuming two complete 80 bp turns and additional 25 bp in the linkers between nucleosomes resulting in a total of 185 bp nucleosome repetition. Observe that the distance b in each case is derived from coincident breaks in the linkers, while the other distances are derived from coincident breaks within nucleosomes. The distances in model (B) can also be perceived as one nucleosome length b, two nucleosome lengths d, two nucleosome lengths minus 80 bases c, and two nucleosome lengths plus 80 bases e. That d corresponds to two nucleosome lengths can be understood since the arrows point to exactly the same position on each nucleosome with one intervening nucleosome.
is supported by the characteristic pattern of sizes (an 80 base peak with a ten base modulation), that would be expected from the known structure of the nucleosome (80 bp per turn). Additional peaks in the range 175 to 450 bases were absent when naked DNA was irradiated and their appearance changed when the chromatin ®ber was loosened up by the absence of positive counter ions (Figure 3) . Furthermore, a chemical agent (bleomycin) that causes non-clustered strand-breaks did not reproduce the patterns seen by X-rays (M. Dosanjh & B. Rydberg, unpublished results). Production of the characteristic pattern therefore requires both chromatin structure and ability of the damaging agent to produce clustered breaks. The concept of a fragment size distribution that depends on chromatin structure was suggested by theoretical Monte-Carlo calculations .
The experimental size distributions of DNA fragments can be compared to theoretically predicted size-distributions based on models of the chromatin ®ber. This can be done by sophisticated procedures, such as simulating the fragment size distribution by a Monte-Carlo approach as described in the Appendix and shown in Figures 7 to 10, or approximated by less complex computercodes that only relate the probability of coincident breaks to the distance in space between two sites (not shown). The Monte-Carlo calculations presented here lend strong support for a zig-zag model of the chromatin ®ber being the predominant form.
It is also possible to compare the experimental data with predictions made from simple considerations. The peaks obtained at 185, 290, 370 and 450 bases for the human ®broblasts can include no more than three nucleosomes. This implies that fragments of this size range relate to the question of nearest neighbor. Figure 11 shows two arrangements: consecutive nucleosomes are close together (A), or alternative nucleosomes are close together (B) as in a zig-zag model. From the simple considerations made in the Figure legend The absence of the 105 base peak (Figure 11(A) , distance c) in the experimental distributions argues against model (A) while the general pattern is in excellent agreement with model (B). This interpretation assumes that the 185 base peak arises from breaks in two adjacent linkers, while the 290, 370 and 450 base peaks arise from breaks in adjacent nucleosome core particles. The intensity of the peaks is expected to diminish with distance. However, the 370 base peak can be derived in two different ways (Figure 11(B) , distance d) which should double its intensity. The similar intensity of the 290 and 370 base peaks in the experimental distribution and the smaller intensity of the 450 base peak is therefore in quantitative agreement with this model. Furthermore, in the experiment with nuclei in low salt, the 185 base peak remained while the other peaks disappeared. This is expected if the nucleosomes have moved further apart in the beads on a string con®guration while coincident breaks in the linkers still occur. These breaks could even be expected to increase in frequency compared to the in vivo con®guration if the linkers became more exposed to hydroxyl radicals in the low salt con®guration.
A zig-zag model is supported for cells in G 0 and mitosis
In the helical or solenoidal model by Widom (1989) the nucleosomes are arranged in order as in Figure 11 (A), an arrangement which is not supported by our data. In particular, the predicted 105 base peak for the human ®broblasts and the 95 base peak for the mitotic CHO cells are absent from the experimental distributions. Furthermore, as shown in Figure 8 , the solenoid model predicts peaks at 1000-1200 bases , corresponding to one turn of the helix of six nucleosomes, where close contacts between DNA strands are expected. As shown in Figure 6 , no peak can be detected in this region. On the other hand, the zig-zag model by Woodcock et al. (1993) , where the nucleosomes are arranged as in Figure 11 (B), is in excellent agreement with the data with the peaks in the fragment size distributions as expected (Figures 9 and 10) . Furthermore, computer tomographic pictures (Horowitz et al., 1994) , suggest that long range interactions, on average, are not regular, also in support of the lack of structure seen above 450 bases. The fact that quite a high yield of fragments is produced at sizes above 450 bases is consistent with the notion (Horowitz et al., 1994) that the ®bers are typically bent back and intertwined to produce frequent close contacts, although not in a regular way. Thus, the data support a zig-zag model for bulk chromatin in human ®broblasts in the G 0 stage of the cell cycle as well as in mitotic CHO cells. The shift in the peak locations seen in the hamster cells compared to the human cells is consistent with the shorter nucleosome repeat length of ten bp in hamster cells (Compton et al., 1976; Ferrer et al., 1980) . The observation that the structure of the chromatin ®ber appears to be the same for cells in G 0 and cells in mitotis suggests that the compaction of chromatin that occurs in mitosis re¯ects changes mainly at higher levels of chromatin organization. This is consistent with electron microscope studies of metaphase chromosomes where normal 30 nm ®bers can be seen (Adolph et al., 1986) , although the ®ber often appeared to be folded back on itself.
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The present experiments support the maintenance of the zig-zag con®guration in mitotic cells.
Methodological aspects
The techniques described here are proposed to be a generally useful way of studying chromatin structure. Firstly, the experimental method has the obvious advantage over other techniques in that the chromatin is monitored in vivo, i.e. there is no ®xation or staining involved at the time the structure is monitored during irradiation. Secondly, the methodology should be applicable to a wide variety of biological materials with very little modi®-cation. Furthermore, by using hybridization techniques it may be possible to assay various chromatin compartments.
To take full advantage of the experimental method, it is necessary to create different models for the chromatin ®ber and to calculate the distribution of radiation-induced fragments by a Monte-Carlo approach. This approach yields the general classes of models (zig-zag ribbon) and their structural limits that are consistent with the experimental results, and those models (solenoids) that can be excluded by not being consistent with the experimental results.
The ribbon models studied here are single layer ribbons. In order to generate a more realistic model of a 30 nm ®ber, these simple ribbons can be folded back on themselves to form two and three layer ribbons which approximate a ®ber 30 nm in diameter. Calculations with such models (not shown) produce distributions with the same characteristic structure as those presented here and the conclusions are unchanged. The main effect of folded ribbons is to generate a uniform distribution of fragments which adds to the uniform distribution produced at high radiation doses by random uncorrelated breaks.
The exact distribution of very small fragments around the 80 base peak may be studied more carefully to obtain experimental information about the superhelical arrangement of DNA wound around the nucleosome in vivo. Again, such studies would be assisted greatly by theoretical modeling of the expected fragment size.
Theoretical approach
This work has demonstrated, for the ®rst time, that it is possible to obtain structural information of chromatin by combining experimental measurements with radiation damage analysis using a Monte-Carlo approach. The experimental work was undertaken after an initial theoretical prediction of the fragment size distribution. An obvious next step in these types of studies involves chromatin folding. In such studies, fragments would be generated from two or more adjacent ®bers (intermediate size fragments). Preliminary experimental measurements (data not shown) of doublestranded fragments, in the size range 4000 to 100,000 bp suggest that they are produced also as a result of clustered or correlated damage by single particles as well as through random breaks by different particles.
In the theoretical calculation, it was possible to evaluate differences in fragmentation spectra between chromatin ®bers with the nucleosome axes both perpendicular and parallel to the ribbon plane. Our analyses are consistent with the overall genome being a mixture of such nucleosome orientations. If so, it is unknown whether a given orientation occurs at discrete sites or is distributed randomly. During transcription, the chromatin must unfold to allow the transcription machinery access to the DNA. What role, if any, the orientation of the nucleosomes with respect to the ®ber axis has in chromatin remodeling remains to be determined. The accessability of the histone protein tails to acetylation/deacetylation and their function in modulating inter-nucleosomal interactions within and between zig-zag ribbons is unknown. Obviously, more controlled experiments are needed where the effects of speci®c orientation can be studied.
In future work, it will be important to analyze the effect on fragmentation spectra of variability in linker lengths and nucleosome orientation. All the results presented here for the idealized zig-zag models have linker lengths of 40 bp. For a nucleosome core particle containing 146 bp, the total length for the nucleosome is 186 bp, which is in the range of accepted values for human cells. Changing the linker length would be expected to shift the peaks from their present locations. If results for different linker lengths are combined, the widths of the peaks should increase. These studies are in progress and will help in optimizing the agreement between theory and experiment.
Materials and Methods
Cell culture and preparation of agarose plugs Primary human dermal ®broblasts GM38, obtained from the NIGMS Human Genetic Mutant Cell Repository, Coriell Institute for Medical Research, were maintained in McCoy's 5A medium (GIBCO) supplemented with 2 mM glutamine, 10 mM Hepes, 10% (v/v) fetal bovine serum (Flow Laboratories) and antibiotic-antimycotic solution (GIBCO). The cells were grown to conuency, at which time >95% of the cells were in the G 0 stage of the cell cycle. Agarose plugs with cells were prepared either before or after irradiation. The nearly conuent cultures were trypsinized for ten minutes at room temperature and chilled on ice. The cells were then centrifuged and suspended in ice-cold phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 (pH 7.4)) at a concentration of $5 Â 10 6 cells per 100 ml. An equal volume of 2% (w/ v) low gelling temperature agarose (Sigma type VII) in PBS at 37 C was added, the cells were well dispersed, and plugs of size 1.2 mm Â 9 mm Â 18 mm were cast using a plug former (BioRad). The plugs were then allowed to set at 4 C. The plugs were later divided into eight equal pieces of 1.2 mm Â 4.5 mm Â 4.5 mm before the end-labeling reactions. CHO cells (CHO-9, Burki et al., 1980) particularly selected for ease of mitotic shake-off were grown in 150 cm 2¯a sks in the same medium as the human ®bro-blasts. At late stages of exponential growth, the¯asks were shaken vigorously to remove all loose cells, and the medium was discarded. After washing in PBS, new medium containing 0.1 mg/ml colcemid (GIBCO) was added and the¯asks were incubated at 37 C for two to three hours. Mitotic cells were then shaken off under microscopic surveillance to yield populations of 95% purity or better as judged by visual inspection. The cells were then washed in PBS, embedded in agarose plugs as described above and irradiated in ice-cold PBS. Alternatively, the cells were irradiated in ice-cold medium containing colcemid and subsequently washed in PBS and embedded in agarose plugs with similar results.
Irradiation conditions
X-irradiations were performed using a Philips Medical Systems X-ray unit (RT250) operated at 225 kVp, 15 mA with 0.35 mm Cu ®ltration at a dose rate of 6.5 Gy/min. Dosimetry was performed using a Victoreen dosimeter. Cells were typically embedded in agarose plugs in icecold PBS during irradiations. Particle irradiations were performed at the 88 Inch Cyclotron at the Lawrence Berkeley National Laboratory. Helium ions and nitrogen ions with an initial energy of 32.5 MeV/u were used at a dose rate of approximately 100 Gy/min. Dosimetry was performed with the help of an ion chamber. The density of ionizations along the track of the particles, as expressed by the linear energy transfer (LET), was 7 keV/mm for the helium ions and was in the range of 97-120 keV/mm for the nitrogen ions depending on depth in the agarose plug, with an average of 110 keV/mm.
End-labeling
Agarose plugs containing irradiated cells were immersed in 0.4 M EDTA, 2% (v/v) Sarkosyl, 0.5 mg/ml proteinase K (pH 8), at 45 to 50 C for 24 to 48 hours in order to lyse the cells, followed by wash three times in TE (10 mM Tris, 1 mM EDTA (pH 8)), twice in TE with 0.1 mg/ml RNase A, and again twice in TE (one hour each). The plugs with lysed cells could then be stored at 4 C in TE for up to at least two weeks with no noticeable change in results. For further processing, 4.5 mm Â 4.5 mm pieces of agarose plugs were used. Incubations were performed with 70 ml solutions added to the agarose piece at the bottom of a 1.5 ml microcentrifuge tubes, while washings were performed in 12-well culture plates using 1 ml TE. Removal of phosphate groups at 5 H ends of radiation-induced DNA strand breaks were done by ®rst soaking the plug piece (with $10 5 cells) in CIP buffer (10 mM Tris, 1 mM MgCl 2 , 1 mM ZnCl 2 (pH 8.3)) at 4 C for one hour and then incubating with two units CIP (Calf Intestine Phosphatase, New England Biolabs) in 70 ml CIP buffer at 4 C for one hour (diffusion into the gel piece), followed by incubation at 37 C for 15 minutes and 50 C for 45 minutes. The CIP was then destroyed by adding 1 ml of lysis buffer (as above) and incubating for 18 hours at 50 C. After washing ®ve times in TE (one hour each), the plug was soaked in kinase buffer (70 mM Tris, 10 mM MgCl 2 , 5 mM dithiothreitol, 1 mM spermidine (pH 8)) at 4 C for one hour and then incubated with 40 mCi of [g 32 P]ATP (3000 Ci/mmole) and 40 units PNK (T4 polynucleotide kinase, New England Biolabs) in 70 ml kinase buffer at 4 C for two hours (diffusion), followed by incubation at 37 C for 30 minutes. The kinase reaction was stopped by addition of 1 ml of 100 mM EDTA (pH 8), followed by washing four times in TE to remove non-incorporated 32 P.
Since the protocol requires long incubations, in particular for the lysis steps and washings, small doublestranded fragments are lost by diffusion out of the plugs. The fragments analyzed have therefore originated from two single-strand breaks on the same DNA strand, or from a single-strand break and a double-strand break. Such fragments will remain attached to high molecular mass DNA during the labeling procedure. Singlestranded fragments are then released during a short denaturation step just before electrophoresis.
Polyacrylamide gel electrophoresis
Separation of DNA fragments was performed on denaturing polyacrylamide gels that had enough thickness to allow direct loading of agarose pieces (plugs) on top of the gels. Using a model SA Adjustable Gel Sequencing Electrophoresis System (BRL) 1.6 mm thick, 32 cm long gels were cast typically using 3 to 4% (w/v) acrylamide/bisacrylamide (19/1) in 0.5 Â TBE, 7.6 M urea. The gels were pre-run at 700 V to obtain a working temperature of 50 C. Agarose plugs (1.2 mm Â 4.5 mm Â 4.5 mm) with 32 Plabeled genomic DNA or size markers were treated with 0.1 M NaOH for 30 minutes to denature DNA, followed by 20 minutes treatment with a mixture of two parts TE and one part loading buffer (1 mg/ml bromphenol blue, 10 mM EDTA in 97.5% (v/v) formamide). The stained plugs were loaded in wells at the top of the gel that had been washed free of urea. All handling of plugs was performed with a pair of spatulas. The plugs were secured with a strip of DEAE paper clinging to the inside of the longer glass plate to prevent the plugs from¯oating up during the run. The gels were run at 700 V for 1.5 hours, transferred to DEAE paper and dried using a gel dryer (BioRad). Dried gels were exposed to X-ray ®lm overnight with intensifying screens to check for quality. However, quantitative evaluations were performed using a Phosphor Imaging system as outlined below.
On a few occasions, 2% gels were run in order to obtain separation of fragments up to 2000 bases. Extreme care was necessary in handling these gels to avoid artifacts due to distortion of the gels during handling. Markers with sizes below about 400 bases ran aberrantly on such gels, but markers between 500 and 2000 bases were well separated.
For determination of migration distance versus size in the range of 72 to 1353 bases, an HaeIII digest of phage ÈX174 was used as size markers (Sigma). The fragments were end-labeled with 32 P as described (Sambrook et al., 1989) , embedded in agarose plugs and denatured with alkali the same way as the cell samples. For markers at 1636 and 2036 bases, the DNA ladder (BRL) was used. Gels were typically run with markers in every third lane.
Data evaluation
The dried PAGE gels were analyzed using a Phosphor-Imaging System (Molecular Dynamics, model 400A). The gels were typically exposed for 12 to 24 hours followed by analysis by software provided by the
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manufacturer to obtain radioactive signal as a function of migration distance for samples and size-markers. A specially developed computer program (B.R., unpublished results) was then used to transform the distributions from radioactive signal as a function of distance to radioactive signal linearly related to size. This program included lateral interpolation between size markers to compensate for a slight``smiling'' of the gels and ®t-ting of polynomials to the log(size) versus distance data for each individual lane. Transformation to a linear scale was then obtained by integration of the signal in the gel that corresponded to each size interval between n À 0.5 bases to n 0.5 bases for each size n between n 50 and n 1300. Because of the approximately logarithmic relationship between size and distance in the gels, the original distributions were compressed at larger sizes and spread out for the smaller sizes, while this effect was abolished after the transformation to linear scale. most of the radicals will be scavenged by H1 histones before they can migrate to the DNA sites.
